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Doping metallic element(s) serves as an effective approach in enhancing favorable electronic 
properties of graphene.  Derived by a wide array of applications in electronic devices, 
addressing graphene-metal interactions have been in the center of mounting research over the 
last few years.  Nevertheless, pertinent literature has overlooked the effect of geometrical, 
orientation and positional aspects of such doping systems on estimated electronic properties.  
In this contribution, we deployed DFT periodic slab calculations to investigate effect of 
orientational dependence of Al- and Si-adsorbed graphene systems.  We utilized 2 × 2 and 2 
× 3 graphene supercells with 1:8 (Al, Si : C) atomic ratios.  We observed that the relative 
orientation of adsorbent atoms exerts profound influence on electronic structures in 
conjunction with a matching effect caused by the distinct adsorption sites (i.e. bridge, hollow 
or top).  The orientation effects of Si-adsorbed graphene on electronic structure are greater 
than their Al analogous structures.  We anticipate our finding herein, of low adatom 
concentration on graphene, to prompt re-examination of metal-graphene systems to account 
for the previously unnoticed – but significant – orientational effect that adds an additional 




















Graphene is a two-dimensional hexagonal lattice made of carbon atoms where the nearest 
distance between the carbon atoms is about 142 pm. The seminal paper of Novoselov and 
Geim and their collaborators in 2004 successfully highlighted the remarkable electronic, 
mechanical and optical properties of graphene [1]. Indeed, graphene facilitates the 
development of novel applications, such as solar cells, display screens, high frequency 
transistors, hydrogen storage and chemical sensors. In addition to its remarkable properties, 
graphene is a semimetal material making it unattractive for solar energy materials or 
electronic devices applications that require variable band gap threshold. Adding impurities or 
doping is a solution to this problem [2–5]. Doping can be through adsorption or substitution 
of single element or compound. In general, computational simulations are based on full (or 
large percentage) coverage of the graphene surface resulting in minimal changes on 
electronic properties from any geometrical, orientation and positional aspects of the doping. 
 
Many studies have been conducted on elemental adsorption on graphene, such as H[6,7]; 
Be[8]; O[9–13]; F[7,14]; Si[15–17]; Na[18]; Mg[19,20]; Cl[7,21]; noble gases[22]; Ca[23]; 
Ni[24]; Ge[25]; and other metallic elements [26–29]. Nakada and Ishii calculated adsorption 
energy, migration (barrier) energy and most stable site of the absorbed atom on graphene 
nonmagnetically, for elements ranging from hydrogen (H) to bismuth (Bi), except the noble 
gases and lanthanides[30,31]. 
 
Before calculating the electronic properties of graphene with adsorbed elements, it is 
essential to determine the most stable adatom position correctly. Adatoms are assumed to be 
adsorbed on one side of the graphene and uniformly distributed throughout the graphene. 
Many studies predominately examine three sites, i.e., bridge, hollow and top. This is only 
correct for adatom/graphene atomic ratio of 50% or more. For lower atomic ratio, the 
orientation (i.e. zigzag or armchair) of the absorbed element needs to be considered as well, 
as the combination of sites and orientations gives distinct structural information. We define 
orientation as the position of adatom relative to one another and also relative to graphene. 
















studies and, as such, it is vital that this facet should be explored to cover the remaining 
knowledge gaps pertaining to metal-adsorbed graphene systems.  
 
To enhance our understanding of the effects of the orientation of elements adsorbed on 
graphene, a calculation procedure was developed in the present study to investigate the 
binding energy, Fermi energy, band gap, magnetization, density of states (DOS) and charge 
transfer in terms of site and orientation. Two elements, Al and Si, were selected for this study 
due to their contrasting properties. Firstly, Al is a metallic element with an odd number of 
electrons, while Si is a metalloid element and has an even number of electrons. Secondly, 
referring to Nakada and Ishii’s work[30], Al and Si, with atomic ratio < 50% adsorption, are 
stable at different sites and are adsorbed relatively weakly (physisorbed) on graphene, thus 
they do not disrupt the graphene structure significantly. Furthermore, the study of Al 
adsorbed on graphene can serve as a case for graphene-metal contact which is essential for 
applying graphene in electronic/mechanical devices[32–34]. Whilst the study of Si adsorbed 
on graphene can loosely be related to the study of graphene growth on SiC[35]. Graphene 
grown on SiC shows promise for wafer-scale production commercially[36], large-scale 
patterning[37] and integration with current silicon technology in the electronics industry[38]. 
These aspects make adsorbed Al or Si on graphene an ideal system to study by first-
principles electronic structure calculation using density functional theory (DFT) simulation.  
 
This study shows that low atomic adsorption of adatom (Al/Si:C = 1:8 or 12.5%) on graphene 
at specified site and orientation does affect the binding energy, DOS and magnetization 
properties of the doped graphene. High density micro-scale circuits/devices based on doped 
graphene sheets may have their overall electronic properties altered even for low adsorbed 




The calculations were performed using the DFT framework[39], plane-wave method with 
spin polarization, Perdew-Burke-Wang generalized gradient approximation (GGA) exchange-
correlation functional [40] and projector augmented wave (PAW) pseudopotential[41]. 
Version 5.3.3 of the VASP set of programs was used for the DFT calculations[42]. The effects 
















adatom-adatom interaction is very small. In this study, only 2 × 2 and 2 × 3 graphene 
supercells (Figs. 1(e) and 1(f)) were used to observe the effect of orientation. In fact, there are 
three graphene supercells that create atomic ratio of one adatom for every eight carbon atoms 
(12.5%), i.e. 2 × 2, 2 × 3 and 4 × 1 (Figs. 1(e), 1(f) and 1(g)). However, the 4 × 1 graphene 
supercell is too narrow in size thus creating very strong adatom-adatom interaction. 
 
 
Fig. 1. Graphene cell/supercells (adsorption atomic ratio, maximum adatom radius): 
(a) zigzag 1 × 1 (50%, 123 pm), (b) zigzag 2 × 1 (25%, 123 pm),  
(c) zigzag 3 × 3 (16.7%, 213 pm), (d) zigzag 3 × 1 (16.7%, 123 pm), 
(e) zigzag 2 × 2 (12.5%, 246 pm), (f) armchair 2 × 3 (12.5%, 213 pm), 
(g) zigzag 4 × 1 (12.5%, 123 pm). 
 
One adatom (Al or Si) was placed on these supercells. The calculations include (i) 3 adatom 
sites: bridge (B), hollow (H) and top (T); and (ii) 2 orientation directions: zigzag (z) and 
armchair (a), with an initial adatom height of 200 pm. These sites and orientations are 
summarized in Table 1. All the H and T cases can be represented by one position for zigzag 
orientation (Hz and Tz) and one position for armchair orientation (Ha and Ta), while all the B 
cases can be represented by one position for zigzag orientation (Bz) and three positions for 
armchair orientation (Ba1, Ba2, Ba3). The lattice parameters were fixed at 493.6  493.6 pm for 
the zigzag 2 × 2 graphene supercell and 493.6  427.5 pm for the armchair 2 × 3 graphene 




Sites and orientations for elemental adsorbed graphene for 2 × 2 and 2 × 3 supercells. 
Site B B B B H H T T 
Orientation z a1 a2 a3 z a z a 
 1 
                      (a)       (b)            (c)               (d) 2 
 3 
 4 


















Bz Ba1 Ba2 Ba3 Hz Ha Tz Ta 
Graphene supercell  zigzag 
2 × 2 
armchair 
2 × 3 
armchair 
2 × 3 
armchair 
2 × 3 
zigzag 
2 × 2 
armchair 
2 × 3 
zigzag 
2 × 2 
armchair 
2 × 3 
 
 
Fig. 2. The 2  2 and 2 × 3 graphene supercells, with 3 sites (8 adatom positions, see Table 
1): bridge (Bz, Ba1, Ba2, Ba3), hollow (Hz, Ha) and top (Tz, Ta). 
 
Huang et al [12] found nonlinearity of the band gap with O-adsorbed on graphene at atomic 
ratio of O of less than 30%. This nonlinearity appears to be due to the positions of the 
adatoms relative to one another. For this O case (1:8 ratio) the most stable position is Ba2. 
Symmetry suggests that there are 8 distinct adsorption positions (Bz, Ba1, Ba2, Ba3, Hz, Ha, Tz, 
Ta) for the 2 × 2 and 2 × 3 graphene supercells. The 8 distinct adsorption positions are 
summarized in the schematic diagrams of Fig. 3. The origin in the real space is set at the 
bottom left corner of each supercell, marked with O (0, 0). These schematic diagrams and 
origin in real space are not unique, but chosen for the simulation. The initial atomic positions 
are translated from Fig. 3 into Table S1 in the supplementary data. However, positions Ba1 
















these positions are expected to be identical, so only 7 unique adatom positions were 




Fig. 3. Schematic diagrams of adsorption on the graphene supercells for 12.5% atomic ratio, 




Fig. 4. Ba1 and Ba3 adsorption position on graphene are mirror images of each other. Shading 
is to guide the eyes. 
 
As the supercells in this study are relatively small, adatom-adatom interaction is present. The 
calculations were carried out in four stages: (1) adatom and pristine graphene energy, (2) 
adatom-adatom interaction, (3) graphene-adatom internal structure optimization, and (4) 
adatom-graphene density of states (DOS). Adatom-adatom interaction calculations were done 
for several supercells to compare the interaction strength against the supercell size. To ensure 
convergence of results, all stages used plane wave cut off energy of 600 eV, with 1 eV = 
96.4869 kJ/mol. Completion of  iterations entailed tolerances of less than 1 eV for energy 
and less than 0.1 meV/pm for atomic forces. Calculation details (k-points and supercell sizes) 
at each stage are shown in Table S2 in the supplementary data. 
 
Two types of binding energy, Ebinding1 and Ebinding2, are explored in the present study and they 

















Ebinding1 = Egraphene + Eadatom – Eadatom-graphene system      (1) 
and 
Ebinding2 = Egraphene + Eadatom-adatom – Eadatom-graphene system     (2) 
 
where Egraphene is the energy of the pristine graphene, Eadatom is the energy of the adatom, 
Eadatom-adatom is the energy of adatom-adatom interaction and Eadatom-graphene system is the total 
energy of the adatom and graphene after the adatom is attached to the graphene. Adatom-
adatom interaction was calculated on the initial condition of adatom-adsorbed graphene as if 
the graphene sheet were removed from the system. Positive or negative binding energy 
indicates stability or instability, respectively. 
 
The band gap, adatom height, graphene distortion, DOS, Fermi energy, magnetization and 
charge transfer for all 7 different adatom positions were calculated. The band gap is the 
difference between the lowest unoccupied molecular orbital (LUMO) and the highest 
occupied molecular orbital (HOMO), or Fermi energy. In this analysis, the band gap is 
determined from the DOS[43]. Adatom height (pm) is the difference between adatom’s z-
coordinate and the average of z-coordinates of C atoms. The graphene distortion is an 
indicator of the adatom’s presence, which is the total displacement (in pm) of the 8 C atoms 
in the graphene supercells. Magnetization (in Bohr magneton or B) is defined as the 
difference between total spin up and total spin down of the DOS at Fermi energy, with 1 B = 
9.274  10
-24
  Joule/Tesla. Charge transfer is defined as how much charge is transferred from 
adatom to graphene. Positive charge transfer indicates that charge is transferred from adatom 
to graphene while negative charge transfer indicates charge is transferred from graphene to 
adatom. Bader analysis was used for the charge transfer calculations [44]. The charge density 
difference was calculated for the most stable position of the Al and Si case. Charge density 
difference is defined as:  
 
                                                  (3) 
 
where                         is the charge density of adatom-graphene system,         is 
the charge density of adatom as if the graphene sheet is removed from the system, and 
















Charge density difference shows the interactions between adatom and graphene in terms of 
changes in the spatial distribution of charge density. Version 3.2.1 of Vesta software was 
used to draw these charge density differences[45]. 
 
In our procedure, the adatoms are placed on one side of the graphene with only one adatom 
added per graphene supercell and all adatoms are uniformly distributed throughout the 
graphene. Lattice vibrations (in infrared region) were not considered and GW approximation 
was not applied. In general it is expected that the calculated band gaps are lower than the 
experimental values. However, these calculations provide indication of band gap presence in 
elemental adsorption on graphene. 
 
3. Results and discussion 
 
The highlights of the discussion are the details of bridge cases, adatom-adatom interaction, 
Al- / Si- adsorbed graphene, and electronic analysis. Results, using 2 × 2 and 2 × 3 
supercells, indicate that the graphene with adsorbed Al or Si does not open band gap as is the 
case for pristine graphene. However, the Fermi energy of Al- or Si-adsorbed graphene 
increases from that of pristine graphene. Our calculation result indicates that pristine 
graphene has a binding energy of  7.97 eV/atom, which is in the deep UV region, and is 
similar to 7.91 eV/atom calculated by Bhattacharya et al [46]. 
 
3.1. Bridge cases 
 
On purely geometrical analysis, bridge cases in graphene adsorption have interesting 
orientation effects. Changing orientation from zigzag 2 × 2 to armchair 2 × 3, breaks the one 
bridge case (Bz) into two bridge cases (Ba1 and Ba2) (see Fig. 5). Further examination on 
larger supercells shows that changing orientation from zigzag 3 × 3 to slant 3 × 7, breaks the 
one bridge case (Bz) into three bridge cases (Bs1, Bs2 and Bs3) (see Fig. 6). Changing 
orientation from zigzag 4 × 4 to slant 4 × 13, also breaks the one bridge case (Bz) into three 
bridge cases (Bs1, Bs2 and Bs3) (see Fig. 7). In general, changing from zigzag to armchair 
orientation, breaks one bridge case (Bz) into two bridge cases (Ba1 and Ba2), and changing 
from zigzag to slant orientation, breaks one bridge case (Bz) into three bridge cases (Bs1, Bs2 
















and this does not happen in top or hollow cases. The supercell angles and the angle 
differences between supercells are displayed in Figs. 5 to 8. 
 
 
Fig. 5. Bridge cases on zigzag 2 × 2 (Bz) and armchair 2 × 3 (Ba1, Ba2) (3 unique positions). 
 
 
Fig. 6. Bridge cases on zigzag 3 × 3  (Bz), slant 3 × 7 (Bs1, Bs2, Bs3) and mirror of slant 3 × 
7 (4 unique positions). 
 
 
Fig. 7. Bridge cases on zigzag 4 × 4 (Bz), slant 4 × 13 (Bs1, Bs2, Bs3) and armchair 4 × 23 


















Fig. 8. Bridge cases on zigzag 5 × 5 (Bz), slant1 5 × 21 (Bs1-1, Bs1-2, Bs1-3), slant2 5 × 19 (Bs2-
1, Bs2-2, Bs2-3) and mirror of slant2 (7 unique positions). 
 
3.2. Adatom-adatom interaction 
 
Orientation effect becomes important if the adatom-adatom interaction is not small. This 
interaction is represented by its binding energy, which is Eadatom  Eadatom-adatom (see Fig. 9). 
As expected, the interaction is quite strong at small supercells, but diminishes at larger 
supercells. The binding energy of Si drops more quickly than Al, and the interactions are 
negligible at zigzag 3 × 3 or larger supercells. At these larger supercells, adatom is unaware 
of the presence of other adatoms. However, there is interaction difference between zigzag 2 × 
2 and armchair 2 × 3, due to the different adatom’s nearest neighbours (see Fig. 10). On 
zigzag 2 × 2, there are 6 nearest neighbours at a distance r. On armchair 2 × 3, there are 2 
nearest neighbours at a distance r, 2 at      , and 4 at      . For supercells greater than 1 






Fig. 9. Adatom-adatom binding energies for : (a) n × n zigzag supercells, (b) 2 × 3 armchair 



















Fig. 10. Adatom’s nearest neighbours, (a) zigzag 2 × 2 and (b) armchair 2 × 3, r = 493.6 
pm. 
 
3.3. Al- and Si-adsorbed graphene 
 
Tables 2 and 3 are the results for all distinct positions of Al- and Si-adsorbed on graphene. In 
the following discussion, the Ta positions for both Al and Si cases were ignored because the 
adatoms move away from the “top” position after iteration. Binding energy 1 is the binding 
energy of adatom-graphene system relative to free adatom. Binding energy 2 is the binding 
energy of adatom-graphene system relative to adatom-adatom system. For our Al and Si 
cases, binding energy 1 is greater than binding energy 2, because the adatom-adatom 
interaction is not small. Results in Tables 2 and 3, indicate that Si distorts the graphene sheet 
more than Al. 
 
Table 2 
Calculation results for Al-adsorbed graphene (Al:C = 1:8). Spin up and spin down are 
degenerate. Literature results (at zigzag orientation) are included for 4 × 4 graphene 




 Bz Ba1 Ba2 Ba3 Hz 
a
 Ha Tz Ta 
b
 
Binding energy 1 (eV) 0.83 0.89 0.92 0.89 0.93 0.92 0.80 - 
Binding energy 2 (eV) 0.24 0.22 0.25 0.22 0.33 0.25 0.21 - 
Binding energy (eV) 0.927[28] - - - 1.042[28] 
1.62[30] 
- 0.911[28] - 
 
Adatom height (pm) 218 
222[28] 






Fermi energy shift (eV) 
c 
 1.70 1.68 1.61 1.68 1.70 1.73 1.70 - 
















Magnetization (B) - - - - - - - - 
Migration energy (eV) - - - - 
0.115[28] 
0.05[30] 
- - - 
Charge transfer (electrons) 
d
 1.08 0.97 1.01 0.97 1.24 1.24 1.05 - 
Charge transfer (%) 
e
 36.0 32.2 33.8 32.2 41.3 41.2 34.9 - 
a
 most stable position   
b
 adatom moves towards Ba2 and the calculation results are close to Ba2 
c
 Fermi energy shift from pristine graphene 
d
 Charge transfer from Al to graphene, initial Al charge is 3 
e
 Charge transfer from Al to graphene (% of initial valence electron) 
 
Table 3 
Calculation results for Si-adsorbed on graphene (Si:C = 1:8). Spin up and spin down are not 
degenerate. Literature results (at bridge site) are included: armchair orientation on 4 × 4 
graphene supercell[17] and zigzag orientation on 3 × 3 graphene supercell[30]. 1 eV = 
96.4869 kJ/mol and 1 B = 9.274  10
-24
 Joule/Tesla. 
 Bz Ba1 Ba2 
a
 Ba3 Hz Ha Tz Ta 
b
 Literature 
Binding energy 1 (eV) 0.67 0.60 0.81 0.60 0.53 0.24 0.53 - 1.86[30] 
0.84[17] 
Binding energy 2 (eV) 0.40 0.21 0.42 0.21 0.26 -0.14 0.26 - - 
Adatom height (pm) 206 206 209 206 200 211 186 - 203[30] 
205[17] 
Fermi energy shift (eV) 
c
 1.07 1.18 0.98 1.18 1.33 1.31 1.23 - - 
Graphene distortion (pm) 34 52 48 52 19 12 31 - - 
Magnetization (B) 0.62 0.38 0.56 0.38 0.00 0.00 0.00 - 0.27[15] 





1.38 1.36 1.48 1.36 0.49 0.42 1.49 - - 
Charge transfer (%) 
e
 34.5 34.0 36.9 34.0 12.3 10.4 37.1 - - 
a
 most stable position   
b
 adatom moves towards Ba2 and the calculation results are close to Ba2 
c
 Fermi energy shift from pristine graphene 
d
 Charge transfer from Si to graphene, initial Si charge is 4 
e

















Binding energy 1 and 2 indicate that Hz is the most stable position for Al while Ba2 is the most 
stable position for Si. Al-Al interaction is greater than Al-graphene interaction, while Si-Si 
interaction is comparable to Si-graphene interaction. Comparing binding energy 2 at its most 
stable position, Si (0.42 eV) binds more strongly than Al (0.33 eV). 
 
Migration energy or barrier energy is the energy needed for the adatom to move on the 
graphene surface. To carry out this calculation, the B, H, T sites are assumed to be near the 
true saddle points. For Al adsorption, it is assumed that adatoms move from one H site to 
another H site via a B site. While for Si, it is assumed that adatoms move from one B site to 
another B site via either an H or T site. As an example, for Al migration energy of Hz  Bz  
Hz is 0.33 – 0.24 eV = 0.09 eV. While for Si case, migration energy of Bz  Hz  Bz or Bz  
Tz  Bz is 0.39 – 0.26 eV = 0.13 eV. The example calculations, using binding energy 2, show 
that the migration energy of Si is greater than Al. Having stronger binding energy and greater 
migration energy, the Si-graphene system is more stable than the Al-graphene system. 
 
The calculated adatom heights, shown in Tables 2 and 3, are in agreement with results of 
previous studies[17,28,30]. The calculated binding energies are also in agreement with 
findings of previous investigations[17,28]. However, the calculated binding energies and 
migration energies are not in agreement with the results of Nakada et al[30], as these authors 
did not consider spin polarization. Calculation with spin polarization is essential to obtain 
true ground state energy and reveal magnetic properties of the materials. Tables 2 and 3 also 
show that changes of Fermi energy depend on the site and orientation. 
 
Comparison of columns Bz with Ba and Hz with Ha from Tables 2 and 3, for Al-adsorbed 
graphene, indicates that different orientation marginally affects the electronic structure. 
Similar comparison for Si-adsorbed graphene indicates greater effects on the electronic 
structure due to different orientations. To the best of our knowledge, there is no direct 
experimental data to support these results. However, Tao et al[47] demonstrated distinct 
electronic properties arising from zigzag and armchair graphene nanoribbons. Full 
experimental verification may be done in the future by utilizing advanced techniques such as 
scanning tunneling microscopy (STM). 
 

















Fig. 11 are plots of DOS at the most stable positions of Hz for Al-adsorbed and Ba2 for Si-
adsorbed graphene. The calculated results agree with results by Chan et al [28] and Sison et 
al [17]. However, Chan et al DOS values are greater, than those of Fig. 11, as they used 
larger graphene supercells for their simulations. The Fermi energy of pristine graphene is 
increased by Al and Si adsorption by 1.70 eV and 0.98 eV respectively. For all Al and Si 







Fig. 11. DOS and Fermi energy (0 eV) of (a) Al-adsorbed graphene at its most stable position 
(Hz), spin up and spin down are degenerate, (b) Si-adsorbed graphene at its most stable 
position (Ba2), (1 eV = 96.4869 kJ/mol).  
 
For each adatom position, in general, Al-adsorbed graphene creates identical DOS for both 
spin up and spin down cases (degenerate and zero magnetization), and in agreement with Liu 
et al’s calculations [48]. Whilst for Si-adsorbed graphene the DOS are different for spin up 
and spin down cases with creation of magnetization. This is in qualitative agreement with 
calculations by Aktu rk et al[15], Hu et al [16] and Sison et al [17]. However, Aktu rk et al 
reported low magnetization of 0.27 B at 12.5% atomic ratio and high magnetization of 1.02 
B at 1:32 (3.1%) atomic ratio. Hu et al reported high magnetization of 1.74 B at 1:72 
(1.4%) atomic ratio. The calculated magnetization at the Bz position of Si-adsorbed 
graphene from this study is equal to 0.62 B which is more than twice that reported by 
Aktu rk et al. 
 
In Fig. 11(a) the DOS near the Dirac point ( -1.2 eV) has the same profile and similar values 
















has the same profile as that of pristine graphene, but is significantly altered above the Dirac 
point. 
 
Pauling’s electronegativity scale was used as the first attempt to see the charge transfer 
between Al, Si and graphene[49]. The electronegativity values used for Al, Si and C are 1.5, 
1.8 and 2.5 respectively. It is expected that Al will donate more electrons to the graphene 
sheet than the Si case. There is no charge transfer among carbon atoms in graphene.  
 
Bader analysis was used for charge transfer calculations with initial valence electrons of 3 
and 4 for Al and Si respectively. After adsorption to graphene, Al (Hz case) gives almost half 
of its valence electrons (41.3% or 1.24 electrons) to graphene, while Si (Ba2 case) gives more 
than a third of its valence electrons (36.9% or 1.48 electrons) to graphene. The largest charge 
transfers for Al cases are Al-Hz and Al-Ha, with Al-Hz being the most stable configuration. 
The largest charge transfers for Si cases are Si-Ba2 and Si-Tz, with Si-Ba2 being the most 
stable configuration. This indicates that the most stable configuration is related to the largest 
charge transfer.  
 
Figs. 12 and 13 provide isosurface plots of charge density difference for the most stable 
positions. The plots show that spatial charge distribution correlates with the symmetry of the 
adsorption site (where adsorption orientation is implied) regardless of the number of valence 
electrons. Carbon atoms with the same C-adatom distance have identical spatial charge 
distribution oriented to the adatom. Finally, orientation effect, noticeable at atomic ratio 




Fig. 12. Charge density difference of Al-adsorbed graphene, Hz case, (a) is isometric view, 
(b) is front view. Brown spheres are C, grey spheres are Al. Yellow surfaces enclose the 
charge density greater than 15 electrons/nm
3
 (electron surplus), while cyan surfaces enclose 
the charge density less than -15 electrons/nm
3 


















Fig. 13. Charge density difference of Si-adsorbed graphene, Ba2 case, (a) is isometric view, 
(b) is side 1 view, (c) is side 2 view. Brown spheres are C, blue spheres are Si. Yellow 
surfaces enclose the charge density greater than 15 electrons/nm
3 
(electron surplus), while 
cyan surfaces enclose the charge density less than -15 electrons/nm
3 




This contribution deployed the density functional theory (DFT) to investigate the electronic 
structures and physical properties of a graphene sheet with adsorbed elemental Al and Si. The 
results indicate that, for adatom/graphene atomic ratio (Al/Si:C = 1:8), the changes in the 
electronic structure are due to the adsorption site (i.e. bridge, hollow or top) and also to the 
relative orientation of the adsorbed sites (i.e. zigzag or armchair). Furthermore, the number of 
distinct adsorption positions on bridge site relies on the adatom orientation. The orientation 
effects of Si-adsorbed graphene were found to be greater than the Al counterpart. Al is most 
stable at the Hz and Si is at Ba2 positions. Neither Al nor Si create a band gap at the Fermi 
energy level. However, the Fermi energy of Al- or Si-adsorbed graphene increased from that 
of pristine graphene. Magnetization of pristine graphene is altered by Si, but not by Al 
adsorption. The degree of charge transfer is related to the most stable configuration of the 
adatom on graphene. The spatial charge distribution correlates with the symmetry of the 
adsorption site regardless of the number of valence electrons. The Si-graphene system incurs 
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 Orientation of element affects the properties of the adsorbed graphene 
 Armchair orientation creates 2 distinct adsorption configurations for bridge site 
 Density functional theory calculations were conducted for element-adsorbed graphene 
